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This paper proposes a scheme for teleporting an arbitrary coherent superposition state of two 
equal-amplitude and opposite-phase squeezed vacuum states (SVS) via a symmetric 50/50 beam 
splitter and photodetectors. It is shown that the quantum teleportation scheme has the successful 
probability 1/4. Maximally entangled SVS's are used as quantum channel for realizing the teleporta- 
tion scheme. It is shown that if an initial quantum channel is in a pure but not maximally entangled 
SVS, the quantum channel may be distilled to a maximally entangled SVS through entanglement 
concentration. 

PACS numbers: 03.67.Hk, 03.67.-a, 03.65.Ud 



Quantum teleportation is a process by which a quan- 
tum state of a system is transported from one location 
to another. The state of the system is destroyed in one 
place and a perfect replica is created at a distant site by 
making measurements on the system and classical com- 
munication of the results to the remote location. The 
original proposals for quantum teleportation || fo- 
cused on teleporting quantum states of a system with 
a finite-dimensional (discrete variable) state space, such 
as the two polarizations of a photon or the discrete lev- 
els of an atoms. Discrete- variable teleportation has been 
demonstrated experimentally in optical systems 0] and 
liquid-state nuclear magnetic resonance systems pi. 

Recently, quantum teleportation has been extended to 
continuous variables corresponding to states of infinite- 
dimensional (continuous-variable) systems [^[ [| such as 
optical fields or the motion of massive particle. In par- 
ticular following the theoretical proposal of Ref. ||, 
continuous-variable teleportation has been realized for 
coherent states of a light field by using entangled 
two-mode squeezed optical beams produced by paramet- 
ric down-conversion in a sub-threshold optical paramet- 
ric oscillator. Although coherent states are continuous 
and nonorthogonal states, they are very close to classi- 
cal states. A real challenge for quantum teleportation is 
to teleport truly nonclassical states like squeezed states, 
quantum superposition states and entangled states, van 
Enk and Hirota || proposed a scheme to faithfully tele- 
port a superposition state of two coherent states with 
equal amplitudes and opposite-phases though a quan- 
tum channel described by a maximally entangled coher- 
ent state with one ebit of entanglement. 

In this paper we propose a scheme to teleport a super- 
position state of two SVS's with equal amplitudes and 
opposite phases using a beam splitter and photodetec- 
tors. 

In the teleportation scheme one needs certain types of 
entangled states. We consider the following entangled 



squeezed states defined by (ESS's) 

|*>± = (IOi|02±|-Oi|-Oa)/VN±. (1) 



|*>± = (l0 1 |-02±|-0il0a)/>/^, 



(2) 



where both |0 and | — £) are the single- mode squeezed 
vacuum states 



IOi = Si(£)|o), 102 = ^(010), 

with the single-mode squeezing operators 
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In Eqs. (1) and (2) the normalization factors are given 
by 



N ± = 2(l±fcf), 



(6) 



with fe £ = (£| - = \j i+tanh^r bein S the overlap of the 
two squeezed vacuum states |0 and | — 0- 

It has been shown that the ESS's in (1) and (2) can be 
produced via beam splitters and squeezed-vacuum-state 
phase-shift operations |J. Entanglement in these ESS's 
can be measured by the partial entropy of each subsys- 
tem. In order to calculate the partial entropy, we express 
the ESS's in terms of two orthogonal Hilbert space vec- 

j) and |1) = (j) as |0 = |0>,| - = 



tors 



M\l) + %|0)) with M = ^1 - fc|. Under these basic 
vectors, the ESS's (1), (2) can be rewriten as 

|$')± = [(l±fc|)|0) 1 |0) 2 ±M 2 |l) 1 |l) 2 

±M%|1) 1 |0) 2 ± %M|0) 1 |1) 2 ]/ V /A±, (7) 
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|*')± = [(*e±Ae)|0)i|0) a + M|0)i|l) a 
±M|l)i|0) 2 ]/v/iV±. 



(8) 



Therefore, we transfer the continuous-variable state ex- 
pressions (1) and (2) to the discrete- variable forms (7) 
and (8). From (7) and (8) it is easy to get the partial 
entropy of the subsystem 1 or 2 



£L($) = £_(*) = 1, 



(9) 
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which indicate that entangled SVS's |<I>)_ and I 1 ?)- are 
maximally entangled squeezed-vacuum states which can 
be used as quantum channels for continuous-variable 
quantum teleportation. 

Let us briefly review the action of a beam splitter on 
squeezed-vacuum states before we present our teleporta- 
tion scheme. The lossless symmetric 50/50 beam splitter 
is described by a unitary transformation 



Ui,a = exp[i — (a}a 2 + a^ai)] 



(11) 



where &i and 02 are the annihilation operators for the 
two light beams entering the two input ports, respec- 
tively. Let Ai and A2 denote the annihilation opera- 
tors for the two light beams leaving the two output ports 
for the 50/50 beam splitter, the photon annihilation and 
creation operators of the output modes Ai and Af , re- 
spectively, can then be obtained using the well-known 
input-output relations 

Ai = +iai),Ai = ~^(^2 + ia%). (12) 

Assume that before interacting with the beam splitter 
the two input light beams are in squeezed vacuum states 



5i(O5 2 (O|0,0), 



(13) 



where 5i(£) and ^(C) are given by Eqs. (4) and (5), 
respectively. After interacting with the beam splitter, 
the state vector of the output light beams becomes 

!*«**) = exp[-i(fc - + - C 2 )Al 

- i(a+6)ili| - 5(^+6)^2110,0). 

(14) 

For later use, let us set & = rie l ' Pi with being the 
squeezing amplitude and ipi the squeezing angle, respec- 
tively, and consider the following two cases which play a 
key role in our teleportation scheme. 



Case 1. The two input light beams have the same 
squeezing amplitudes and phases, i.e; 7*1 = r 2 = r, and 
<pi = ¥>2- In this case, from Eq.(14) it is easy to know 
that the state of the output light beams is simply a two- 
mode squeezed state 

|# „ t ) = exp[~re l ^ + ^A\Al +re -i(v+ T)i 1 i 2 ]|0,0). 

(15) 

Case 2. The two input light beams have the same 
squeezing amplitudes but a phase difference rr, i.e., r*i = 
r-2 = r and Lp 2 — ip± = tt. In this case, the output state of 
the beam splitter becomes a direct product of two single- 
mode squeezed vacuum states 



exp(- 



\re*A* + \re-^A\) 



x exp(-Ke i{v+7T) AI 2 + ire- 4(v+7r) i^)|0,0). 

(16) 

As is known, it is possible to generate a superposition 
state of the two SVS's |£) and | — £) from a squeezed vac- 
uum states |£) propagating through a nonlinear medium 
]n| . Now let us assume that by using the quantum chan- 
nel described by the maximally entangled state |<I>)_, Al- 
ice wants to teleport Bob a coherent superposition state 
of the two squeezed vacuum states 



l*>o = (C+|e)o + C*_|-Oo)/v / A 7 * 



(17) 



where C+ and C_ are any complex numbers, iV$ nor- 
malization factor given by 



JVvr 
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|C_| 



2k i Re{C+C*_). 



(18) 



Then the initial state of the whole system consisting of 
system 0,1, and 2 is given by 



|3)oi 



|*)o|*)- 
1 



(C + |Oo|OilOa-C + |Oo|-Oi|-02 

O0I-O1I-O2). 



C_|-Oo|Oxl02-C- 



(19) 



Note that at this time the system and 1 at the sender's 
side and system 2 at the receiver's side. We apply the 
beam splitter transformation Uq\ to the initial state (19), 
the state after the transformation becomes 



1 



012 



[C + 5 ,i(re^ + 5))|0,0)oi® |02 



-C+Soire^S^-re^lO, 0) i ® | - Oa 
+C_5 (-re^)5i(re^)|0,0)oi ® |0 2 
-C_5 ,i(re l ^-^))|0,0) 01 ® | - £) 2 ], (20) 

where the two-mode squeezed operator is given by 

So.AO = exp(-£l+i+ + CAiA ). (21) 
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Subsequently, Alice performs photon number measure- 
ments on system and 1 on her side. From Eq.(20) it 
can be seen that for system and 1 the second and third 
term on the RHS are single- mode SVS's which contain 
only even-number photon states in their number-state ex- 
pansions, while the first and fourth terms are two-mode 
squeezed states in which each mode has the same photon 
numbers with both even and odd photons in the photon 
number-state representation. 

After Alice measures an odd number of photons in ei- 
ther mode of systems and 1, the state of the whole 
system collapses into the following state 



|*">012 



1 



-.sechrle^f-^ tanhrl 2n+1 



x |2n+l,2n+l)oi(C+|02 + C_| -O2) 



(22) 

which indicates that Alice transmits the coherent super- 
position of the two squeezed states |^)o given in Eq.(17) 
to Bob. The probability of finding an odd number of 
photons from the output state of the beam splitter (20) 
is given by 



P(2n+ 1) 



-^-sech 2 r(tanhr) 2(2r ' 



(23) 



which is independent of the state to be teleported, hence 
we obtain the perfect teleportation for the odd number 
of photons. Then the successful probability of the tele- 
portation scheme is given by 



P = ]Tp(2n + l). 



(24) 



These summation can be performed easily and the result 
is found to be independent of the squeezing amplitude r, 



P=l. 
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(25) 



In above teleportation scheme, a highly entangled 
state for the quantum channel plays a key role. If 
the initially prepared quantum channel is in a pure but 
not maximally ESS, the quantum channel may be dis- 
tilled to a maximally entangled squeezed state before us- 
ing it for quantum teleportation through entanglement 
concentration]!!], P"2| - Here we show that for an ESS the 
entanglement concentration may be simply realized by 
using a beam splitter and photodetectors. 

Suppose an ensemble of a partially entangled pure 
squeezed state 



1$) 



1 



:(cost7|0i| - - sin^l - O1IO2), (26) 



from which we want to distill a subensemble of a maxi- 
mally entangled squeezed state. In Eq.(26) N v is a nor- 
malized factor given by 



N v = l- sin(2?7) 



sech 2 r 
1 + tanh 2 



(27) 



where the phase factor r\, < 77 < 7r/2, determines the 
degree of entanglement for the state (26). It is obvious 
that the partially entangled pure squeezed state |$)i2 
includes two ESS's |$)_ and |*)_ in Eq.(l) and (2) as 
two particular cases. 

After sharing a quantum channel between Alice and 
Bob |$)i2 Alice prepares a pair of particles which are of 
the same entangled squeezed state | <E>) 34 . The initial state 
of the whole system consisting of the four subsystems is 
then given by 



|*)l234 = W)\2 ® |$) 



.34- 



(28) 



For convenience, now we assume mode 1 at the Bob's 
side and modes 2,3,4 at the Alice's side, then state (28) 
can be explicitly written as 



I*) 1234 - -r^[cOS 2 77|Ol 



N„ 



£>2® l£>3® I -f>4 



an(2» 7 )|Oi ® I - Oa ® I - £}s ® |£>4 
sin(2??)| - 0i ® 10a ® |0a ® I — 0* 



+ sin 2 ryl - £)i ® |£) 2 ® | - £) 3 ® |f> 4 ] 



(29) 



Subsequently, Alice let modes 2 and modes 3 enter the 
input ports of a beam splitter. After interacting with the 
beam splitter, the state of the whole system becomes 

I*')l234 = J^[cOS 2 r]\0l® |-0a® l£>3® 1-04 



ism(2r/)|Oi®S 2 3(r-e^-^)|0,0} 

®|04 



2.'! 



2:; 



- isin(2r7)|-Oi®^3(re^ + ^))|0,0) 
®|-£>4 

+ sin 2 r?| - £)i <g) IO2 ® | - £)s ® IO4], 

(30) 

where the two-mode squeezed operator is given by (21). 

Now Alice performs photon number measurements for 
mode 2 and 3, when the results of measurements are 
odd number of photon, from Eq.(30) it can be seen that 
modes 1 and 4 collapse to a maximally ESS 



1 



= (IOi -01® I -£>*)• (31) 



I*) 



From Eq.(30), we can obtain the probability of finding 
2n + 1 photons in modes 2 and 3 to be 



P(2n + 1) 



47V 2 



sin 2 {2r])sech 2 r (tanh r ) 2(2n+1) , (32) 



which leads the probability of obtaining the maximally 
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ESS (31) to be 

OO 

p = J2 p ( 2n+1 ) 

71=0 

1 • 2/ a N-tanh 2 r 
= -sin zr? = — , 33) 

which implies that no matter how small the initial en- 
tanglement is, it is possible to distill some maximally en- 
tangled coherent channels from partially entangled pure 
channels. 

In summary, we have present a scheme to optically 
teleport an arbitrary coherent superposition state of two 
equal-amplitude and opposite-phase SVS's via a symmet- 
ric 50/50 beam splitter and photodetectors with the suc- 
cessful probability 1/4. In particular, a perfect telepor- 
tation of a single-mode SVS can be obtained when one 



of the two coefficients in the coherent superposition state 
of two SVS's vanishes. In our scheme, maximally en- 
tangled SVS's are used as quantum channel for realizing 
the quantum teleportation scheme. We have also shown 
how to distill a maximally entangled SVS from an initial 
quantum channel in a pure but not maximally entangled 
SVS through entanglement concentration. 
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